The Pb-free Sn-Ag-Cu-Al solders were investigated for microstructural evolution with respect to Al% and heat treatment. The Al% varies from 0.1% to 0.45% while the contents of Ag are 3.1%-2.53% and of Cu are 0.41%-0.33%. Differential scanning colorimetry (DSC) was applied to identify the melting behavior. A monotectic temperature of 224°C and a eutectic temperature of 220°C are deduced from the DSC results. The microstructure was characterized with x-ray diffraction and scanning electron microscopy-energy dispersive spectroscopy. Ag 3 Sn and the ␥ 2 phase of Al-Cu system are the intermetallic compounds formed in the as-cast solders. Cu 6 Sn 5 formed upon heat treatment for 1000 h at 150°C in the 0.45 Al-containing solder, while not found in the other solders or other heat treatment conditions. Sn whiskers were detected in a 0.45 Al-containing specimen after aging for 50 h.
I. INTRODUCTION
Tremendous research studies have been conducted in search of the alternatives to the conventional Pbcontaining solders. The Sn-Ag-Cu series of solder has been widely investigated for replacing the conventional eutectic Sn-Pb solder. The Sn-Ag-Cu solder has a eutectic temperature of 217°C with a composition of Sn-4.7% Ag-1.7% Cu (wt%). 1 The reliability of this solder was reported to be better or worse than that of the conventional Pb-containing solder depending on the board, metallization, and use environment. 2 The single addition to Sn of 3.5% Ag was found to exhibit better enhancement in creep strength than 0.5% Cu. The combined addition of these compositions further enhances the creep strength. 3 The Sn-3.5 Ag solder ball showed a greater degradation on shear strength of solder joint than a Cucontaining Sn-3.5 Ag solder ball after heat exposure. This behavior was ascribed to the formation of a (Au, Cu, Ni) 6 Sn 5 layer that suppresses the Ni-Sn reaction between the solder ball and the Cu/Ni/Au pad. 4 Ag 3 Sn and Cu 6 Sn 5 were found in the Sn-3.5 Ag-0.5 Cu solder. 5 The Ag 3 Sn was refined by the addition of 0.5% B in the solder, while B shows little effect on the Cu 6 Sn 5 phase. The Sn-4.7 Ag-1.7 Cu (wt%) was reported to be suited for various application environments. 6 Ag 3 Sn was also detected in a Sn-3.8 Ag-0.7 Cu solder. 7 Sn-0.7 Cu was identified as an optional solder for flip chip interconnect when compared with Sn-3.5 Ag and Sn-3.5 Ag-0.7 Cu 7 because of better thermomechanical fatigue behavior. Failure occurs near the solder/intermetallic interface for all compared solders except for Sn-0.7 Cu of which failure occurs at the center of joint. 7 The power cycling test 8 found that the Sn-3.8 Ag-0.7 Cu joint on resistor experiences cracks after 1000 cycles while it experiences electrical resistance increase after 4000 power cycles. A thermal cycling test result showed that Sn-3.5 Ag-0.7 Cu solder ball exhibits 35% superior solder joint reliability compared to Sn-36 Pb-2 Ag solder ball. 9 Au of the Ni/Au metallization weakened the joint strength of the Sn-Pb-Ag series solders due to a twolayer structure. 10 Intermetallic formation between Ni/Au and the Sn-Ag-Cu series solders has been investigated to reveal the reaction mechanism. 11 On the other band, the Au content did not degrade the joint strength of the SnAg-Cu solder. 10 It was described that the Sn-Ag-Cu series solders will form (Cu, Ni) 6 Sn 5 when in contact with Ni metallization. 12 This reaction will eventually consume all of the Cu in the solder and thus alter the mechanical properties of the solder. 12 Al was added to the Sn-Ag-Cu solders to give a composition of Sn-0.05-15 (at.%) Ag-0.05-20 Cu-0.01-10 Al. 13 Most of the information reported dealt with high Cu and Ag contents. A high Cu and Ag content will raise the melting temperature of the solder. A composition of Sn-0.2 (at.%) Ag-19.0 Cu-1.5 Al gives rise to a liquidus temperature of 310°C, while Sn-0.2 (at.%) Ag-3.9 Cu-1.9 Al has a liquidus temperature of 220°C. The tensile strength is 5.5 kg/mm 2 while the solder has an elongation of 31.2% for the previous solder and 4.4 kg/mm 2 with 36.7% elongation for the latter. The existence and distribution of 3-20-m Cu-Al compounds within the solder was said to enhance the mechanical strength of the solder. 12 An investigation of the Sn-Zn-Al series of solder 14 found that Al enhances the wetting between Cu and solder. The addition of Al to the Sn-Zn solder enhances the oxidation resistance of the solder. 15 The interaction between Al and Cu also gives rise to an inherent barrier behavior that inhibits the diffusion between Cu and solder. 16 Accordingly, it is of interest that Al seems to be beneficial as a solder constituent. This work tried to further explore the microstructure of the ascast as well as heat-treated Sn-Ag-Cu-Al solders.
II. EXPERIMENTAL
The solder compositions investigated were (in wt%) Sn-3.1 Ag-0.41 Cu-0.1 Al, Sn-2.86 Ag-0.38 Cu-0.25 Al, and Sn-2.53 Ag-0.33 Cu-0.45 Al. The solders were prepared in a crucible using commercial Sn-3.27 Ag-0.43 Cu and prealloyed Sn-2 Al. The Sn-2 Al alloy was produced under vacuum by melting Al and Sn in a quartz tube. The as-cast solders were cooled in a crucible. The melting point of the solder was investigated with differential scanning calorimetry (DSC) at a heating rate of 0.5°C/min. The solidified solders were heated at 150°C for various durations up to 1000 h to investigate the microstructural evolution. Thus, heat-treated solders were characterized with x-ray diffractometry (XRD), scanning electron microscopy (SEM), and energy dispersive spectrometry (EDS) for microstructural identification.
III. EXPERIMENTAL RESULTS

A. Thermal behavior
The compositions of the solders investigated in this work were around the eutectic composition of the SnAg-Cu system. Fig. 7 , that a Ag-containing phase larger than those formed in the 0.1 Al-containing solder, Fig. 4 , is found. A tiny pale dispersed phase, like that observed in Fig. 4 , is also visible in Fig. 7 . These Ag-containing phases are believed to be the Ag 3 Sn compound according to XRD analysis result. It is also evident that the Sn intensity of the circled areas is much less than that in the matrix as would be expected.
C. Microstructural evolution upon heat treatment
Heat treatment was conducted to investigate the possible microstructural contouring evolution upon aging. The 0.1 Al-and 0.25 Al-containing solders mainly contain Sn and Ag 3 Sn phases even aged up to 1000 h, as shown by XRD analysis in Fig. 5 for the 0.1 Alcontaining solder. An increase in Al content up to 0.45% tends to suppress the formation of the Ag 3 Sn(012) facet, Fig. 8 , in the as-cast solder. However, the 1000-h aging resulted in the formation of Cu 6 Sn 5 compound in the 0.45 Al-containing solder, which does not occur in the 0.1 Al-containing solder. Several peculiar phase transformations are observed with SEM in local areas. They might not be representative yet show possible occurrences. The Ag 3 Sn compound grows upon aging in the 0.1 Al-containing solder, as seen in Fig. 9 for aging up to 500 h. A strong segregation of Cu and Al is observed. Al also shows slight distribution in Sn matrix. Area "a" was analyzed to exhibit 80 at.% C. This C content must be contaminated from unidentified resource and was not detected in other samples. The possible behavior of Al is further revealed in the 0.25 Al-containing solder after being aged for 500 h, Fig. 10 . The compositions of the specified locations of 
IV. DISCUSSION
A. Thermal behavior
The three solders investigated show a little deviation in liquidus and solidus temperatures. The Sn-2.86 Ag-0.38 Cu-0.25 Al solder shows a single peak on DSC diagram. However, the other two solders show both liquidus and solidus temperatures. Both temperatures of the 0.45 Al-containing solder are higher than the melting temperature of the 0.25 Al-containing solder, whereas both are lower for the 0.1 Al-containing solder. Accordingly, the single peak melting temperature is not a eutectic temperature. A monotectic reaction is suggested for the single peak temperature composition. Thus, Sn-2.86 Ag-0.38 Cu-0.25 Al is a monotectic composition. A sketch of the phase equilibrium in the composition range of the investigated solders is suggested as in Fig. 14 . The eutectic temperature is around 219.8°C. However, the eutectic composition is left unknown in this work. It is likely to be in the range less than 0.1 Al.
B. Microstructural evolution
The microstructure of these quaternary solders may be complicated as the constituent elements exhibit mutual solubility for each other and some could also form intermetallic compounds. Ag and Cu possess the simplest binary eutectic behavior with a eutectic temperature of 780°C. 17 Cu and Ag have very limiting solid solubility of each other below 200°C. Cu exhibits very limiting solid solubility in Sn below the eutectic temperature of 227°C. 18 The eutectic composition of the Cu-Sn system exists at 0.7% Cu. On the other hand, Sn shows at least 1.3% of solubility in Cu at 200°C. Cu and Sn can form several compounds. Al has a great solubility in Cu, while the solid solubility of Cu in Al is restricted. 19 The eutectic temperature of the Cu-Al system is 548°C. Al and Cu can also form a number of intermetallic compounds. Al has around 3% solubility in Ag at 200°C, 20 while Ag exhibits around 1% solubility in Al. Al and Sn exhibit a eutectic temperature of 228.3°C at 0.5% Sn, 21 yet there is nearly zero solubility of each other at temperatures below 200°C. A eutectic temperature of 221°C exists at 3.5% Ag for the Ag-Sn system. 22 Ag shows only 0.06% solubility in Sn at 210°C, and that of Sn in Ag is slightly less than 10% at 200°C.
The XRD analysis, Fig. 5 , does not show any Al-Cu compound, although area "b" shows a composition close to the ␥ 2 phase. 19 Al and Cu may form various nonstoichiometric intermetallic compounds. In view of the limiting Al content in the solder, it is possible that the The analytical results of 0.25 Al-containing solder, Fig. 10 , shows coexistence of Al with Ag and Cu. This is at least in correspondence with the anticipation that Al has solubility in Ag 20 and Cu. 19 The only exception is the areas that exhibit large extents of coexistence of Al with Sn. A very limiting solubility and no compound formation are expected between these two elements. 21 The coexistence of Al with Sn is also observed in Fig. 9 for 0.1 Al-containing solder. No theoretical support could be provided for this behavior. A detailed analysis on the mutual dissolution behavior between Al and Sn may be needed as discrepancies in mutual solubility have also been reported in the literature. The compositions of various analyzed areas of Fig. 13 , 0.45 Al-containing solder, show the existence of a Snrich phase, area "a," or Ag-rich phase, areas "b" and "c." AU areas contain small fraction of Al and even lower Cu contents. Al has around 3% solid solubility in Ag 20 yet nearly zero solubility in Sn. 21 Cu has very limiting solubility in either Sn 18 or Ag. 17 Accordingly, there is very limiting Cu contents detected in these areas. The extent of Al is believed to be due to the solubility of Al in Ag. Sn and Ag form a binary eutectic system wherein the eutectic composition exists at 3.5% Ag. The solubility of Sn in Ag can be as high as 10% at around 200°C. On the basis of this information, it seems reasonable to say that the dispersed phases observed in Fig. 13 are the ␣ phase and ␤ phase of the Sn-Ag binary system.
22
V. CONCLUSION
The Sn-2.86 Ag-0.38 Cu-0.25 Al material is of the monotectic composition with a monotectic temperature of around 224°C. The eutectic temperature is around 220°C, while the eutectic composition is not identified. The as-cast solders exhibit a fine Ag 3 Sn compound and ␥ 2 phase of the Al-Cu system. Heat treatment at 150°C results in the formation of Cu 6 Sn 5 for the 0.45 Alcontaining solder, while not occurring for the other two solders. The 0.45 Al-containing solder was found to form whiskers upon heat treatment.
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